Background: The 60
Introduction
In most mammalian cell types, the Golgi apparatus (also known as the Golgi complex) exists as a juxtanuclear ribbon structure. This organized structure is generated by the interconnection of Golgi stacks consisting of a series of flattened, membrane-bound discs termed cisternae (for reviews, see 1, 2) . This highly organized Golgi structure is essential to normal protein glycosylation and sorting within the secretory pathway (for reviews, see 3, 4) . The Golgi apparatus occupies a central role in the secretory pathway and the anterograde and retrograde membrane trafficking pathways that converge at the Golgi apparatus (for reviews, see [5] [6] [7] . Rab proteins, the largest family of small Ras-like GTPases, are associated with almost all steps of vesicle transport including those of the Golgi apparatus (for review, see 8). Among the 60 or more members of Rab protein family in mammalian cells, several of them including Rab6, Rab33b, Rabs1 and 2, Rab18 and Rab43 have been implicated in Golgi organization and trafficking (for review, see 9) .
Rab6 is the most abundant Golgi-associated Rab protein in mammalian cells. Its four isoforms including Rab6a, Rab6a', Rab6b and Rab6c, together with Rab41 constitute on the basis of homology the Rab VI subfamily [10] . These 5 proteins also group closely together on the basis of protein folding and surface charge exposure [11] . Rab6a and a' are generated by alternate splicing of the primordial Rab6a/a' gene on human chromosome 11 and differ in only three amino acid residues [12] . Rab6a and a' are ubiquitously expressed in equal amounts, localized to the trans-Golgi cisternae and TGN membranes and have canonical GTP-binding domains [13] [14] [15] . They exhibit sufficiently similar biochemical and genetic properties that they are often collectively referred to as Rab6 [12] . Rab6b is coded by a gene located on chromosome 3. The identity between Rab6b and Rab6a is 91% and the protein is localized to the Golgi apparatus, ER and ER Golgi intermediate compartment (ERGIC) . Unlike Rab6a/a', Rab6b is preferentially expressed in brain. Rab6b also has canonical GTP-binding domains, although the GTP-binding activity of Rab6b is lower than that of Rab6a [16] . The identity between Rab6c and Rab6a' is 75%; the lower homology is chiefly due to a 46-amino-acid extension at the COOH terminus of Rab6c. Rab6c is expressed in brain, testis, prostate and breast. GFP labeled Rab6c is predominantly associated with the centrosome, and unlike most other Rab proteins, it is not prenylated. In addition, Rab6c has a non-canonical GTP-binding domain, and its GTPbinding activity is greatly reduced [17] . The final Rab protein of this subfamily, Rab41, was proposed to be a Rab6-like protein due to its close homology and similar electrostatic potential [10, 11] . However, experimentally this hypothesis is untested; the function and localization of Rab41 remain unknown.
Rab6 is the most extensively studied member of the subfamily. It is important to both anterograde and retrograde membrane trafficking within the juxtanuclear Golgi region of the cell [18] [19] [20] . Yet high depletion of Rab6 or overexpression of GDP-locked Rab6 in HeLa cells has little effect on Golgi ribbon structure as assayed by common fluorescence microscopy approaches [15, 21] while, in mouse macrophages, the Golgi ribbon becomes somewhat more compact and in multinucleate cells may fragment [22] . These results suggest that Rab6 expression is not tightly linked to normal Golgi ribbon organization. However, in epistasis experiments, co-depletion of Rab6 inhibited Golgi ribbon disruption induced by retrograde tether protein Zeste White 10 (ZW10)/RINT-1 or conserved oligomeric Golgi (COG) knockdown, suggesting that Rab6 does have a role in the maintenance of Golgi organization [15] . Recently, Storrie et al [23] found by electron tomography that if Rab6 alone was depleted, Golgi cisternal number and cisternal continuity were increased, and both COPI-and clathrin-coated vesicles and coated membrane fission/fusion figures accumulated. In addition, Rab6 may well have important nontrafficking roles. Rab6a' has been reported to have a role in the inactivation of the Mad2-spindle checkpoint in mitosis [24] . In comparison, the functional role of Golgi-associated Rab6b is little known beyond its implication in the complex trafficking pathways of neuronal cells [16] . Rab6c appears not to follow the overall postulate that members of a Rab subfamily are functionally related [10, 11] . It is associated with centrosome duplication and cell cycle progression. Its involvement in apparent non-membrane trafficking process may well follow from its lack of prenylation and membrane association [17] .
Here, we tested whether the least studied member of the Rab VI subfamily, Rab41, has a significant role in membrane trafficking and, in particular, in Golgi organization. In contrast to Rab6, we found by light microscopy and electron microscopy that Rab41 was strongly required for normal Golgi ribbon organization. By fluorescence microscopy, we found myctagged Rab41 in HeLa cells had little, if any, Golgi-association. Rather both wild type and GTP-locked Rab41 displayed diffuse fluorescence with occasional punctate localization in ruffled regions at the cell periphery. There was 25% co-localization of GTP-locked Rab41 with Sec61p, an ER marker. GDP-locked Rab41, as expected, showed an entirely diffuse cytoplasmic pattern. As a test of whether the effects on Golgi ribbon organization were a consequence of altered membrane trafficking, we tested the effect of Rab41 depletion or overexpression of GDP-locked Rab41 on VSV-G protein transport and found that much of that inhibition could be ascribed to an effect on ER-to-Golgi trafficking. Rab41 knockdown had little, if any, effect on SLTB transport from endosome to the Golgi apparatus. After a delay, treatment with Rab41 siRNA inhibited cell multiplication, while overexpression of GDP-locked Rab41, but not wild type or GTP-locked Rab41, produced a rapid, progressive cell loss. Together, these observations suggest that Rab41 is an essential protein. In double knockdown experiments with Rab6, the Golgi ribbon was fragmented, a result consistent with Rab41 and Rab6 acting in parallel. In conclusion, we provide the first functional data on Rab41 and show that, unlike Rab6a/a', Rab41 strongly supports the maintenance of Golgi ribbon structure and ER-toGolgi trafficking. These experiments provide further evidence that the extent of functional conservation within even a small Rab subfamily such as the Rab VI subfamily is limited.
Results
Rab41, Rab6a, Rab6a', Rab6b and Rab6c group together on the basis of homology in the Rab VI subfamily [10] . Similarly, if three-dimensional electrostatic and hydrophobic molecular interactions are considered, the proteins co-group [11] . In the multiple sequence alignment to determine which portions of Rab41 are shared with other members of the Rab VI subfamily, we found that amino acid segment 29 to 192, the central core sequence of the protein, had the greatest identity with other subfamily members, almost 80%. Overall, as shown in Figure  1 , Rab41 shared a higher amino acid identity, ~64%, with Rab6b (64.2%) or Rab6a/a' (63.7%/62.7%) than with Rab6c (58.8%). In sum, Rab41 showed greatest similarity with subfamily members that localize to the Golgi apparatus, intermediate compartment or ER. Based on this analysis, we reasoned that Rab41, a protein that could well be termed Rab6d, might associate with the Golgi apparatus and regulate its organization in a similar manner to the well-known Rab6 example.
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Both depletion and overexpression experiments indicate that Rab41 is actively required for Golgi ribbon organization
Two different approaches including depletion of Rab41 by Rab41 siRNAs and overexpression of GDP-locked Rab41 were used to test the function of Rab41 in Golgi organization. These led to the unexpected conclusion that, unlike Rab6, Rab41 is actively required for the maintenance of Golgi ribbon structure.
We found that treatment of HeLa cells with siRNAs directed against Rab41 caused fragmentation of the Golgi ribbon into a clustered punctate Golgi distribution. (4) ] within the coding sequence of human Rab41 mRNA on both Rab41 transcript level and Golgi ribbon organization were determined. As shown in Figure 2B , the normal Golgi ribbon, indicated by the distribution of the stably expressed Golgi enzyme GalNAcT2-GFP, was juxtanuclear and compact in cells transfected with control siRNA. When cells were incubated with siRab41(1), the Rab41 transcript level was only decreased ~40% (Figure 2A ), and only a mild level of Golgi disruption was observed ( Figure 2C , arrow). At a higher decrease of Rab41 mRNA levels (~50%) in siRab41 (2) and siRab41(3) treated cells (Figure 2A ), the Golgi apparatus displayed a medium level of disruption ( Figure 2D and 2E, arrows). The 4th siRNA, siRab41(4), caused >60% decrease of Rab41 transcript level (Figure 2A) , and cells showed the highest level of Golgi disruption ( Figure 2F, arrow) . The above data suggests that, of these four siRNAs directed against Rab41, siRab41(4) treatment causes the greatest knockdown and the highest level of Golgi disruption. Therefore, siRab41 (4) was used in all subsequent experiments.
We next tested the knockdown efficacy of siRab41(4) over a range of concentrations. As shown in Figure 3B , control cells exhibited a relatively compact Golgi ribbon as indicated by the distribution of the stably expressed, tagged Golgi protein GalNAcT2-GFP. As the concentration of siRab41(4) was increased from 25 or 50 nM to 100 and 200 nM, the transcript levels of Rab41 were significantly depressed. No obvious decrease in relative mRNA level for Rab41 was observed in cells treated with 25 or 50 nM siRab41(4) ( Figure 3A) . Correspondingly, Golgi ribbon organization appeared normal ( Figure 3C and 3D) . At higher siRNA concentrations, 100 or 200 nM, ~30% or 60% reduction, respectively, in transcript levels were determined ( Figure 3A , asterisks). At these mRNA levels, many more cells displayed the clustered punctate Golgi phenotype ( Figure 3E and 3F) . Quantitatively, >30% of cells transfected with 100 nM siRab41(4) displayed fragmented Golgi apparatus, while by 200 nM siRab41(4) transfection, >60% of cells had clustered punctate Golgi distribution ( Figure  3G ). At all siRNA concentrations, an even greater extent of phenotype penetrance was observed if Lipofectamine 2000 was substituted for Oligofectamine as the transfection reagent (data not shown). Total RNA was isolated and transcribed to cDNA. Real-time PCR showed that, in cells treated by siRab41(1), siRab41(2) or siRab41(3), Rab41 transcript level was decreased ~40-50% relative to GADPH (as control), while in cells treated by siRab41(4), Rab41 transcript level was decreased >60%. Error bars represent the mean ± SEM of three replicates (A). In contrast with control (B), siRab41(1) caused mild level of Golgi disruption (C), siRab41(2) and siRab41(3) caused medium level of Golgi disruption (D and E), while siRab41(4) was the most effective and caused the highest level of Golgi disruption (F). Arrow in each image shows an example of fragmented Golgi apparatus produced by the corresponding Rab41 siRNA. SL and LH performed the same experiment independently and the results were the same. To further validate the involvement of Rab41 in maintenance of Golgi ribbon structure, we tested the effects of overexpression of myc-tagged wild type, GTP-locked and GDP-locked Rab41 on Golgi ribbon organization. For GTPlocked Rab41, the glutamine residue at position 90 was replaced by leucine and for GDP-locked Rab41, the threonine residue at position 45 was replaced by asparagine [25] . Plasmids encoding myc-tagged versions of each of these proteins were introduced into HeLa cells stably expressing the Golgi enzyme GalNAcT2-GFP by microinjection. Tagged Rab41 expression was assayed by antibody staining. As shown in Figure 4 , the overexpression of wild type or GTPlocked Rab41 had little, if any, effect on juxtanuclear distribution of Golgi apparatus, whereas overexpressed GDPlocked Rab41 induced Golgi ribbon fragmentation to a cluster of Golgi elements. To optimize the incidence of Golgi disruption, a range of plasmid concentrations and expression times were tested for GDP-locked Rab41. Optimal results were obtained at a plasmid concentration of 100 ng/µl; the frequency of injected cells that displayed fragmented Golgi apparatus increased progressively as the expression period increased from 8 to 36 h. At 36-h expression time, the Golgi apparatus was fragmented in ~40% of the injected cells overexpressing GDP-locked Rab41 ( Figure 4D ). Higher plasmid concentrations were prohibitively toxic (see Result section: "Rab41 is essential for HeLa cell multiplication").
In sum, results from two different approaches, siRNA and mutant overexpression, indicate that Rab41 does have an important function in Golgi ribbon organization. However, and unexpectedly, the phenotype produced is quite different from that of Rab6 inactivation. Rab41 inactivation results in Golgi ribbon scattering. Rab6 inactivation, if anything, results in a more organized Golgi ribbon [15] . To test what might be true of individual Golgi cisternae and Golgi-associated vesicles, we used the decidedly higher resolution approach of electron microscopy. Control and Rab41 siRNA treated cells were cultured on sapphire discs and high-pressure frozen in situ followed by freeze-substitution. The Golgi apparatus in control cells consisted of closely spaced Golgi stacks composed of several flattened cisternae. Stacks were close enough to each other to form a larger ribbon-like structure ( Figure 5A , arrows). The Golgi apparatus in Rab41 depleted cells exhibited a much different phenotype. In fact, no ribbon-like structures in Rab41 depleted cells were found, rather short, isolated Golgi stacks were observed ( Figure 5B , arrowheads). Moreover, the frequency of Golgi-associated vesicles also appeared higher in Rab41 depleted cells ( Figure 5 ). To quantify these results, electron micrographs from two separate experiments were analyzed across a minimum of 18 different Golgi stacks per experiment (Table 1) . In control cells, the average number of stacks per Golgi rich area was 3.5 and the average maximum cisternae length was ~900 nm, whereas in Rab41 depleted cells, the number of stacks per Golgi rich area was increased, 5.4, and the maximal length of Golgi cisternae was significantly reduced, ~400 nm. Moreover, in contrast with control cells, the average number of Golgi-associated vesicles per stack in Rab41 knockdown cells was ~2-fold higher. In addition, a decrease was observed for the average number of cisternae Figure 4 . The effect of overexpression of wild type, GTPlocked and GDP-locked Rab41 on Golgi ribbon structure. HeLa cells stably expressing GalNAcT2-GFP were microinjected with pCMUIV plasmids encoding myc-tagged wild type, GTP-locked and GDP-locked Rab41, respectively. The stock plasmid concentration was 100 ng/µl. After a 36-h expression period, cells were fixed and stained with anti-myc antibody (A-C). Golgi structure was displayed by expression of Golgi-associated protein, GalNAcT2-GFP (A'-C'). In cells overexpressing GDP-locked Rab41, the Golgi apparatus was fragmented (A and A'), whereas the compact Golgi ribbon was observed in cells injected by either GTP-locked (B and B') or wild type Rab41 (C and C'). Asterisks mark injected cells. 
Rab41 is needed for rapid ER-to-Golgi trafficking and overall ER-to-plasma membrane trafficking
We next determined if myc-tagged Rab41 in HeLa cells was a Golgi-associated protein. The canonical RabVI family Figure 5 . Electron microscopy demonstrates that Rab41 depletion causes dramatic Golgi fragmentation and accumulation of Golgi-associated vesicles. HeLa cells stably expressing GalNAcT2-GFP grown on sapphire discs were treated with either control siRNA or siRab41(4) duplexes at a concentration of 200 nM. Cells were high-pressure frozen followed by freeze-substitution 96 h post initial transfection. Thin sections (50 nm) were collected to test the Golgi phenotype. In cells transfected with control siRNA, Golgi stacks were close enough to form a long Golgi ribbon-like structure (A, arrows). However, in cells treated with siRab41(4), short, isolated Golgi stacks (B, arrowheads) rather than Golgi ribbon were observed, and Golgi-associated vesicles accumulated (B). member, Rab6, is predominantly Golgi-associated [13] [14] [15] . We assessed the distribution of plasmid-encoded wild type, GTP- locked and GDP-locked Rab41 in HeLa cells using a low injected plasmid concentration (25 ng/µl) and a short expression time (1 h). The goal was to achieve localization at the lowest expression levels manageable. As shown in Figure  6 , wild type, GTP-locked and GDP-locked Rab41 were all observed to be cytoplasmic with little concentration in the Golgi region. Note that Rab41 is excluded from the nucleus. Wild type and GTP-locked Rab41 had a much more punctate distribution than GDP-locked Rab41. Stained puncta were often concentrated in ruffled regions at the cell periphery ( Figure 6A , 6C and 6E). GDP-locked Rab41, as expected, showed an entirely diffuse cytoplasmic pattern ( Figure 6B ). ER co-localization of GTP-locked Rab41 was tested against Sec61p as an ER marker. The immunostaining pattern of GTPlocked Rab41 was not overall very similar to that of endogenous Sec61p ( Figure 6E-F' ). However, some colocalization of the two was apparent around the cell nucleus ( Figure 6F ', arrows) and, when quantified, 25% of the GTPlocked Rab41 co-localized with Sec61p. In sum, this result places a portion of Rab41 at a site potentially important to ERto-Golgi transport.
To provide further functional characterization of Rab41, we turned our focus to the possible consequences of Rab41 knockdown on anterograde cargo trafficking. The transport of the model cargo protein, VSV-G, in control cells and Rab41 depleted cells was assessed using the tsO45 temperature sensitive mutant of VSV-G protein. The mutant protein accumulates in the ER at 39.5° C, and following a temperature shift to 32° C then traffics via the Golgi apparatus to the plasma membrane. At the end of the 39.5° C period, the GFP-tagged VSV-G mutant was distributed uniformly in the ER in both control and Rab41 knockdown cells ( Figure 7A ). Following a temperature shift to 32° C, the clearance of tsO45-G protein from the ER to Golgi apparatus appeared to be slower in Rab41 depleted cells than control cells ( Figure 7B , 20 min and 40 min, left two columns). Quantitatively, the ratio of Golgiassociated VSV-G fluorescence to ER-associated VSV-G fluorescence was almost 2-fold higher in control cells than in Rab41 knockdown cells ( Figure 7C ). At later time points, we analyzed quantitatively only VSV-G accumulation at the cell surface using an antibody specific for a VSV-G ecto-epitope. Overall, tsO45-G at the cell surface was slower in Rab41 knockdown cells than control, ~18% less even at 120-min chase time ( Figure 7B , right two columns, and 7D). These results indicate that depletion of Rab41 caused an inhibition of ER-to-cell surface cargo transport with a significant fraction of that inhibition being due to slower ER-to-Golgi transport. Whether this outcome is a primary effect of Rab41 depletion or a secondary effect of Golgi disorganization in the Rab-depleted cell is for now an open question.
We also tested the effect of overexpression of GDP-locked Rab41 on VSV-G transport from ER to Golgi apparatus. Plasmids encoding myc-tagged GDP-locked Rab41 and/or the tsO45 mutant of VSV-G-GFP were co-injected into wild type HeLa cells. Tagged Rab41 expression was assayed by antibody staining (data not shown). Cells injected only with plasmid encoding the tsO45 mutant of VSV-G-GFP were used as control. Initially, the GFP-tagged VSV-G mutant was Rab41 and Golgi Organization PLOS ONE | www.plosone.orgaccumulated in the ER ( Figure 8A, 0 min) . After a 40-min chase at 32° C, transport of tsO45-G protein from ER to Golgi apparatus was significantly delayed in cells overexpressing GDP-locked Rab41 ( Figure 8A, 40 min) . Quantitatively, the ratio of Golgi-associated VSV-G fluorescence to ERassociated VSV-G fluorescence was almost 3.5-fold higher in control cells than in Rab41 knockdown cells ( Figure 8B ). This result provides additional evidence from an alternate approach for the involvement of Rab41 in ER-to-Golgi trafficking.
To investigate whether Rab41 is required for endosomeassociated membrane trafficking pathways, we used Shiga-like toxin B fragment (SLTB) as a tracer for endosome-to-Golgi trafficking. HeLa cells stably expressing GalNAcT2-GFP were treated with either control siRNA or siRab41(4). 4 days post transfection, cells were incubated with Cy3-SLTB at 4° C to allow binding of Cy3-SLTB to the glycolipid Gb3 at the cell surface. Cells were then transferred to 19.5° C, a permissive temperature for accumulation of Cy3-SLTB in endosomes ( Figure 9A ). Following a shift to 37° C, Cy3-SLTB was transported from endosomes to the Golgi apparatus. After a 20-min chase in both control and Rab41 knockdown cells, Cy3-SLTB fluorescence was observed in both endosomes and Golgi apparatus with no obvious difference in distribution between the two cases ( Figure 9B ). With further incubation at 37° C, 60-min chase, little to no difference was observed. At the end of a 60-min chase, in both control and Rab41 knockdown cells, Cy3-SLTB continued to be transported to the Golgi apparatus and endosome-associated Cy3-SLTB decreased to very low levels ( Figure 9C ). Based on these results, we conclude that Rab41 depletion had little effect on endosome-to-Golgi trafficking.
Figure 6. Distribution of wild type, GTP-locked and GDP-locked Rab41 in HeLa cells. HeLa cells stably expressing
GalNAcT2-GFP were microinjected with pCMUIV plasmids encoding myc-tagged wild type, GTP-locked and GDP-locked Rab41, respectively. The stock plasmid concentration was 25 ng/µl. After a 1-h expression period, cells were fixed and then stained with anti-myc antibody. Wild type, GTP-locked and GDP-locked Rab41 were all observed to be distributed in cytoplasm rather than Golgi apparatus and nucleus. Moreover, wild type and GTP-locked Rab41 showed much more punctate localization, rather most puncta were concentrated in ruffled regions at the cell periphery (A and C). However, GDP-locked Rab41 displayed an entirely diffuse cytoplasm distribution (B). In the overlay image (D'), distribution of GTP-locked Rab41 (C) is shown in red, whereas the Golgi apparatus displayed by the expression of GalNAcT2-GFP (D) is shown in green. To test ER localization of GTP-locked Rab41, cells were double immunostained for myc-tagged Rab41 and Sec61p (ER marker). Immunostaining revealed limited overlap with any colocalization observed restricted to some areas around the cell nucleus (F', arrows). In the overlay image (F'), distribution of GTPlocked Rab41 (E) and Sec61p (F) were shown in red and magenta, respectively. Images shown in A-D' are single plane projections of confocal image stacks through the full cell depth, whereas images shown in E-F' are single-plane deconvolved, wide field micrographs. Asterisks mark injected cells. 
Rab41 is essential for HeLa cell multiplication
As an additional test of the cellular role of Rab41, we determined the effects of Rab41 depletion or overexpression on HeLa cell growth. In knockdown experiments, two cycles of transfection were performed using 200 nM control siRNA or siRab41(4). Cells were counted manually on each day post initial transfection. As shown in Figure 10A , the number of control cells approximately doubled in number each day. For siRab41(4) treated cells, a near doubling in cell number was observed initially, but by 2 days post initial transfection, growth of Rab41 depleted cells slowed considerably. At 3 or 4 days post initial transfection, the number of cells in siRab41(4) Figure 7 . Depletion of Rab41 partially inhibited VSV-G transport from ER to the cell surface with a significant inhibition of ER to Golgi transport. Wild type HeLa cells were incubated with either siRab41(4) or non-targeting siRNA duplexes for 96 h and then transfected with plasmid encoding VSV-G-GFP. At the end of the 39.5° C incubation period, VSV-G was accumulated in the ER (A). Cells were then shifted to 32° C, permissive conditions for VSV-G transport, and incubated for various chase time in the presence of cycloheximide to prevent further protein synthesis (B). Cells were then fixed and cell surface stained for VSV-G, and visualized by wide field light microscopy. At the end of a 20-min chase or 40-min chase, Golgi accumulation of VSV-G was observed in both control and Rab41 knockdown cells. However, VSV-G retention in the ER of Rab41 depleted cells was decidedly higher than that of control cells (total VSV-G, left two columns in B, and C). Consistently, at later chase times, surface accumulation of VSV-G in Rab41 knockdown cells was quantitatively slower than that in control cells (surface VSV-G, right two columns in B, and D). All images shown or used for quantification were single-plane deconvolved. Error bars are the mean ± St Dev of three independent experiments. ~30 cells were assayed for each time point in the individual experiments. doi: 10.1371/journal.pone.0071886.g007 treated cultures was <50% of control. Hence, knockdown of Rab41 using siRab41(4) significantly inhibited cell growth. However, cell morphology was not affected (data not shown).
In microinjection experiments, expression of wild type or 19 .5° C, and incubated for 1 h to accumulate Cy3-SLTB in endosomes (A). Cells were then shifted to 37° C, permissive temperature for Cy3-SLTB transport from endosomes to Golgi apparatus, and incubated for 20 or 60 min before being fixed. At the end of 20-min (B) or 60-min chase (C), Cy3-SLTB accumulated in Golgi apparatus in both control and Rab41 knockdown cells, indicating that Rab41 knockdown has little effect on the transport of SLTB from endosome to Golgi apparatus. In the overlay images, distribution of Cy3-SLTB was shown in red, whereas the Golgi apparatus displayed by the expression of GalNAcT2-GFP was shown in green. Figure 10B and 10C) . Importantly, at all plasmid concentrations, little to no decrease in the number of cells overexpressing wild type or GTP-locked Rab41 was observed at 8-h and 36-h expression period. Only at 200 ng/µl plasmid concentration was a mild decrease in the number of cells overexpressing wild type or GTP-locked Rab41 observed ( Figure 10C ). Based on these data, we conclude that Rab41 is not only needed for maintenance of Golgi ribbon structure and ER-to-Golgi trafficking, but is also crucial to HeLa cell growth and multiplication.
The Golgi fragmentation induced by Rab41 knockdown is not suppressed by depletion of Rab6
Finally, we investigated the effect of co-depletion of Rab41 and Rab6 on the Golgi ribbon organization. siRNA directed against nucleotide sequences common to Rab6a and a' mRNA was used to knock down both. Rab6 knockdown alone produced little change in the Golgi ribbon structure ( Figure  11B ), while Rab41 knockdown alone, as expected, fragmented the Golgi apparatus to a clustered punctate Golgi distribution ( Figure 11C ). With co-depletion of Rab6 and Rab41, the Golgi apparatus was fragmented to an extent similar to the Rab41 knockdown alone ( Figure 11D ). Quantitatively, >60% of cells incubated with Rab41 directed siRNA alone or together with Rab6 directed siRNA had fragmented Golgi apparatus. Less than 5% incidence of dispersed Golgi apparatus was observed in control or Rab6-depleted cells ( Figure 11E ). In conclusion, the simplest interpretation of these results overall is that Rab41 and Rab6 affect Golgi organization in a parallel and independent manner. Therefore, together with the evidence that Rab6c regulates centrosome duplication and cell cycle progression rather than Golgi function [17] , it can be concluded that the Rab VI subfamily, although related by homology and structure, shows considerable diversity in its function. Figure 11 . Co-depletion of Rab6 and Rab41 causes Golgi fragmentation, a result similar with Rab41 knockdown alone. HeLa cells stably expressing GalNAcT2-GFP were transfected with control, Rab6, Rab41 siRNA or both Rab6 and Rab41 siRNAs at an individual concentration of 200 nM. Cells were fixed 96 h post initial transfection. Rab6 knockdown alone had no effect on Golgi ribbon structure (B). However, when Rab6 and Rab41 were co-depleted, the Golgi apparatus was fragmented (D). This Golgi phenotype is similar with that of Rab41 knockdown alone (C). (E) Quantitative analysis of cells displayed fragmented Golgi. Error bars represent the mean ± SEM of three replicates. ~100 cells were assayed for each condition.
doi: 10.1371/journal.pone.0071886.g011
Discussion
The previous studies of Pereira-Leal and Seabra [10] and Stein et al. [11] showed, based on either homology or protein structure, that Rab41 was a member of the same Rab subfamily as Rab6. Of the four closely related Rab6 isoforms, Rab6a/a' is the most abundant Golgi-associated Rab proteins and has been studied most extensively (e.g., [15, [18] [19] [20] 22] ). Rab6b functions in a similar manner in brain cells [16] ; Rab6c is unique and regulates mitotic function rather than Golgi function [17] . Following from subfamily identification, our initial experimental goal was to determine if Rab41 had similar functional properties to Rab6a/a'. Surprisingly, our data showed that the functional role of Rab41 in Golgi organization and trafficking was in many ways the opposite of Rab6. The same conclusion followed from protein localization data.
The outcomes of both our knockdown and overexpression experiments indicate that Rab41 is actively involved in maintenance of Golgi ribbon structure. In knockdown experiments, depletion of Rab41 by siRab41(4) fragmented the Golgi apparatus. In cells overexpressing GDP-locked Rab41, but not wild type or GTP-locked Rab41, a dispersed Golgi ribbon was observed. At the cisternae and vesicle revealing resolution of electron microscopy, Rab41 depleted cells had comparatively short Golgi stacks. Each Golgi cisternal stack was relatively isolated and surrounded by an increased number of vesicles. These outcomes are strikingly different than the Golgi phenotype in Rab6-depleted cells, in which the Golgi ribbon is not disrupted [15] and the continuity of Golgi cisternae is increased, as is cisternal number per stack [23] . Consistent with contrasting phenotype, the localization of Rab41 and Rab6 in HeLa cells was found to be different. Rab6 is localized to the Golgi apparatus and, in particular, the trans-Golgi cisternae and TGN membranes [13] [14] [15] . Our results indicate that little, if any, Rab41 is associated with the Golgi apparatus. In brief, tagged, wild type and GTP-locked Rab41, but not GDP-locked Rab41, displayed occasional punctate localization that often concentrated in ruffled regions at the cell periphery. Significantly, we found that co-depletion of Rab6 and Rab41 did not suppress the Golgi fragmentation induced by Rab41 knockdown. Based on these results, we conclude that Rab41 and Rab6 act in parallel and likely independently to influence Golgi ribbon organization and underlying Golgi stack organization in ways that often appear opposing in function.
The fact that we found Rab41 was involved in supporting ER-to-Golgi trafficking in VSV-G transport experiments suggests a possible common theme between Rab41 function in Golgi ribbon phenotype and that of Rab1, Rab2, Rab18, and Rab43, all Rab proteins belonging to other Rab protein subfamilies. All these Rab proteins affect ER-to-Golgi trafficking. Depletion or inactivation of any of these Rab proteins affects Golgi ribbon organization with a typical phenotype being Golgi fragmentation to dispersal. Likely, continuous and rapid input of anterograde vesicles is needed to maintain Golgi organization [26] [27] [28] . Hence, the effect of Rab41 inactivation on Golgi organization could be an indirect effect. Our evidence that overexpression of wild type or GTPlocked Rab41 did not produce Golgi fragmentation is consistent with that interpretation. One effector candidate is RUSC2, which binds to Rab41 through its RUN motif [29] and has the potential to be an important regulatory factor for Rab41. The detailed identification and characterization of Rab41 effectors in future experiments will be an important step towards mechanistic understanding.
In conclusion, we found that Rab41 was actively required for the maintenance of the juxtanuclear Golgi ribbon in mammalian cells and normal rates of ER-to-Golgi trafficking. It acts in several ways in a manner that appears opposing to Rab6, a member of the same protein subfamily. By both siRNA depletion and overexpression of GDP-locked Rab41, the protein appears to be essential for cell growth and multiplication. In providing functional characterization of the role of Rab41, we have provided the first data on the last Rab protein of this small Rab protein branch. Of the five members, four, Rab6a/a', Rab6b, and Rab41, have some role, be it direct or indirect, in Golgi ribbon organization and associated trafficking events. However, that role appears to be diverse (e.g., [15, 16, [18] [19] [20] 23] ). Rab6c has no role in membrane trafficking and the Golgi apparatus, but rather interacts with the centrosome [17] . Based on these results, neither the homology nor structure grouping appears to give a good indication of the actual functional role of these 5 proteins [10, 11] .
Materials and Methods

Cell culture
Wild type HeLa cells were grown in DMEM supplemented with 10% fetal bovine serum (FBS) in a humidified incubator at 37° C and 5% CO 2 . HeLa cells stably expressing tagged Golgi apparatus protein GalNAcT2-GFP were maintained in complete culture media in the presence of 0.45 mg/ml of Geneticin. All cell culture media, sera and associated reagents were obtained from either Invitrogen (Carlsbad, CA) or Sigma-Aldrich (St. Louis, MO).
RNA interference
All small interfering RNAs (siRNAs) were synthesized by Dharmacon RNA Technologies (Lafayette, CO). The sense sequences of the four Rab41 siRNAs were [siRab41(4)]: GGAGACAGAUAAGUGGGUAUU starting at nucleotide positions 319, 285, 193 and 360 of the Rab41 coding sequence, respectively. Sequence of Rab6 siRNA (depletes both Rab6a and a') has been published previously [15] . Control siRNA was siControl, non-targeting siRNA (UAGCGACUAAACACAUCAA). siRNA duplexes were transfected at a final concentration of 200 nM unless otherwise specified, using Oligofectamine (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol with minor modifications. In brief, ~70,000 HeLa cells stably expressing Golgi enzyme GalNAcT2-GFP were plated per 35 mm tissue culture dish. Cells were cultured overnight and then transfected with the corresponding siRNA in the absence of FBS for 4 h, 0 time, and 24 h later in order to achieve maximal knockdown penetrance [15, 18] . Cells were fixed with formaldehyde 96 h after the first transfection cycle unless otherwise specified.
Real-time PCR
HeLa cells were collected at 96 h post initial transfection. Total RNA was isolated from cells using RNeasy Protect Mini Kit (Qiagen, Gaithersburg, MD) according to the manufacturer's instruction. 1 µg RNA was applied to synthesize cDNA by iScript TM cDNA Synthesis Kit (Bio-Rad, Hercules, CA). The primers synthesized by Invitrogen (Carlsbad, CA) were (1) Rab41: 5'-AGACAAGTCACTGCAGAACAGGGT-3' (forward primer) and 5'-AGTCCTTGTGGAAAGAAGGGCAGA-3' (reverse primer); (2) GAPDH: 5'-GAGTCCACTGGCGTCTTCAC-3' (forward primer) and 5'-TTCACACCCATGACGAACAT-3' (reverse primer). Real-time PCR was performed on the Applied Biosystems Fast 7500HT real-time PCR system with a 15 µl reaction volume containing 1x of iQ SYBR Green Supermix (Bio-Rad, Hercules, CA), 100 ng of cDNA and 300 nM each primers. The standard cycling condition was 50° C for 2 min, 90° C for 10 min, followed by 40 cycles of 95° C for 15 s and 62° C for 1 min. The results were analyzed by SDS 2.3 relative quantification manager software. Relative quantification of mRNA expression was determined using comparative threshold cycle (Ct) method. All reactions were performed in triplicate and averaged.
Plasmid construction
cDNA fragments expressing myc-tagged wild type, GTPlocked and GDP-locked Rab41 were synthesized and inserted into pUC57 vector by GeneScript (Piscataway, NJ), respectively. Two copies of BamHI sites at both 5' end and 3' end were also included in each sequence. pUC57 plasmid with insertion was digested by BamHI. The restriction fragment was purified and ligated into BamHI-digested pCMUIV, the mammalian expression vector used in all experiments. Inserts in all plasmids constructed were confirmed by sequencing.
Microinjection of pCMUIV plasmids
An Eppendorf microinjection system was used as described previously [21, 30] . HeLa cells stably expressing GalNAcT2-GFP were grown on glass coverslips for 2 days before microinjection. Purified pCMUIV plasmids were injected into the cell nuclei. During microinjection, cells were maintained at room temperature in CO 2 -independent medium (Invitrogen, Carlsbad, CA) supplemented with 2% FBS, and ~400 cells were injected per coverslip. DNA concentrations ranged from 25 to 200 ng/µl. Expression time was either 1 h or ranged from 8 h to 36 h. Cells were finally fixed and stained with anti-myc antibody as described previously [21, 31] .
High-pressure freezing, freeze-substitution and electron microscopy Cells were cultured on sapphire discs coated in a grid pattern with 20 nm thick carbon layer. Grid squares and numbers were used as guides to identify appropriate regions to later section. HeLa cells stably expressing GalNAcT2-GFP were transfected Rab41 and Golgi Organization with either siRab41(4) or non-targeting siRNA duplexes as described above. Sapphire discs with siRab41(4) treated cells were imaged to find cells with fragmented Golgi apparatus. High-pressure freezing was performed essentially as described previously using a Leica EM PACT2 high-pressure freezing unit (Leica Microsystems) [32, 33] . 2% Type IX ultra-low temperature gelling agarose (Sigma-Aldrich, St. Louis, MO) in PBS supplemented with 2% FBS was used as cryoprotectant. All solutions and sample holders (Swiss Precision Instruments) for high-pressure freezing were pre-warmed to 37° C. All manipulations were carried out on a heating block warmed to 37° C monitored with a dissecting microscope (Leica Microsystems). After high-pressure freezing, frozen cells were stored in liquid nitrogen.
Specimens were freeze-substituted with anhydrous acetone containing 2% OsO 4 /0.1% glutaraldehyde/1% H 2 O at -90° C for 16-22 h using a Leica AFS unit (Leica Microsystems). After specimens were warmed to 0°C over 2 days, they were immediately moved to the cold room (4° C). In the cold room, the specimens were incubated with acetone containing 1% tannic acid/1% H 2 O for 1 h, then replaced with acetone containing 1% OsO 4 /1% H 2 O and incubated for 1 h. Sapphire discs were rinsed repeatedly with acetone before and after each of incubation. After that, samples were warmed to room temperature, and then plastic embedded essentially as described previously [34] .
For Rab41 depleted samples, Golgi apparatus fragmentation was verified by light microscopy before sectioning. Thin sections (50 nm) cut with a Leica UltraCut-UCT microtome were collected and post-stained with aqueous uranyl acetate and Reynold's lead citrate (Electron microscopy Sciences) to enhance contrast. Images depicting representative Golgi regions in both Rab41 depleted and control cells were taken using a Tecnai F20 intermediate-voltage electron microscope operated at 80 keV (FEI Co.).
VSV-G expression and chase
For testing the effect of Rab41 knockdown on VSV-G transport, wild type HeLa cells were treated with either siRab41(4) or non-targeting siRNA duplexes as described above. Typically after 96 h, cells were transfected with plasmid encoding tsO45 mutant of VSV-G-GFP using FuGENE HD Transfection reagent (Promega, Madison, WI) according to the manufacturer's protocol. Cells were then incubated overnight at 39.5° C, non-permissive conditions for the transport of VSV-G from the ER to Golgi apparatus. After that, cells were shifted to 32° C, permissive conditions for tsO45-G transport and incubated for various chase in the presence of cycloheximide to prevent further protein synthesis. Cells were then fixed with formaldehyde and cell surface stained for VSV-G.
For testing effect of overexpression of GDP-locked Rab41 on VSV-G transport, a mixture of 100 ng/µl plasmid encoding myctagged GDP-locked Rab41 and 25 ng/µl plasmid encoding tsO45 mutant of VSV-G-GFP was injected into wild type HeLa cells. Cells injected only with 25 ng/µl plasmid encoding tsO45 mutant of VSV-G-GFP were used as control. Microinjection was performed as described above. Cells were then incubated at 39.5° C for 24 h, non-permissive conditions for the transport of VSV-G from the ER to Golgi apparatus. After that, cells were shifted to 32° C, permissive conditions for tsO45-G transport and incubated for 40 min in the presence of cycloheximide to prevent further protein synthesis. Cells were then fixed with formaldehyde and stained with anti-myc antibody to show the expression of GDP-locked Rab41.
SLTB internalization
HeLa cells stably expressing GalNAcT2-GFP plated on coverslips were transfected with either siRab41(4) or nontargeting siRNA duplexes as described above. Typically after 96 h, these coverslips were transferred to ice-cold CO 2 -independent medium (Invitrogen, Carlsbad, CA) supplemented with 10% FBS. SLTB internalization was performed as described previously [35] . In brief, Cy3-SLTB was added at a final concentration of 70 µg/ml and incubated with cells at 4° C for 30 min to allow binding of SLTB to the cell surface. Cells were then washed with ice-cold CO 2 -independent media and transferred to 19.5° C CO 2 -independent media, and incubated at 19.5° C for 1 h in the presence of cycloheximide to allow accumulation of Cy3-SLTB in endosomes. After that, cells were washed with complete culture media and transferred to 37° C media and incubated for 20 min or 60 min in the presence of cycloheximide. Cells were fixed with formaldehyde at the end of the chase period.
Fluorescence microscopy and image processing
For ER co-localization test of GTP-locked Rab41, HeLa cells stably expressing GalNAcT2-GFP were microinjected with plasmid encoding myc-tagged GTP-locked Rab41 at a concentration of 25 ng/µl. After 1-h expression, cells were fixed and double immunostained for myc-tagged Rab41 and Sec61p (ER marker). The injected cells were wide field imaged using a 63x/1.40 numerical aperture objective and a Zeiss 200M inverted microscope. All the images were then single-plane deconvolved and the extent of co-localization of GTP-locked Rab41 and Sec61p was quantified for 19 cells (using Huygens Pro software (SVI, Hilversum, the Netherlands).
For quantification of VSV-G distribution, cells expressing VSV-G-GFP were wide-field imaged using a 63x/1.40 numerical aperture objective and a Zeiss 200M inverted microscope. All these images were single-plane deconvolved. VSV-G distribution in Golgi apparatus or ER was determined by outlining the appropriate areas manually. The mean pixel intensity in the Golgi area and ER area was determined with iVision-MAC TM software (BioVision Technologies, Exton, PA). To quantify cell surface VSV-G, cells expressing VSV-G-GFP were surface labeled for extracellular VSV-G epitope, imaged and then single-plane deconvolved. Cells were outlined manually. The mean pixel intensity was determined with iVision-MAC TM software. All pixel intensities were corrected for background fluorescence as determined by outlining noncellular areas within the images.
For quantification of the effect of siRNA treatment on cell growth, images were captured with a 10x phase contrast objective every 24 h. Six cell fields each were selected randomly. The number of cells per field was counted manually.
All other images were single plane projections of full cell depth, confocal image stacks produced by 63x/1.40 numerical aperture objective and a BD CARV II spinning disk confocal accessory mounted on a Zeiss 200M inverted microscope. Images were processed with iVision-MAC TM software. For quantification of fragmented Golgi apparatus in knockdown experiments, several cell fields for each condition were selected randomly. The number of cells per field was counted manually. For quantification in microinjection experiments, the number of injected cells and injected cells displayed fragmented Golgi apparatus on each coverslip was counted manually. All scatter plots were prepared with KaleidaGraph 4.1 (Synergy software, Reading, PA).
